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!ABSTRACT 
The aerospace industry, driven by a demand to reduce weight, has relied 
increasingly on composite materials to increase performance of advanced systems. 
However, impacts by foreign objects such as runway debris can damage composite 
components without leaving indentations or other visually identifiable marks. 
Microcracking of the matrix, fiber pullout, and delaminations are among the types of 
resultant internal damage that can weaken the structure and affect the ultimate load 
strength as well as fatigue life. The field of nondestructive evaluation (NDE) provides a 
means for the detection and evaluation of barely visible impact damage. 
In this study glass/epoxy, carbon/epoxy, and carbon/thermoplastic material systems 
were evaluated ultrasonically after being struck at low impact energy levels. Laminates 
were impacted following NASA specifications; two different clamped impact 
boundaries were evaluated. Impact energies were varied by adjusting the drop height 
or the mass of the impactor. Impact events were recorded with a video camera and the 
energetics were obtained from the video tape; these included the incident and rebound 
energy and velocity. The energy dissipated in the laminate as a consequence of the 
impact can therefore be determined. 
The total delamination area, as summed over all the ply interfaces through the 
thickness of the laminate, was determined from ultrasonic scans and then quantitatively 
correlated to the energy dissipated in the laminate. A destructive deplying technique 
was applied to woven laminates to obtain the size and morphology of the impact 
delaminations. These results were compared to NDE results. The ability of 
delaminations to block ultrasound and the resulting shadowing effects were 
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investigated. Finally, the impact resistance of a thermoset system (carbon/epoxy) and a 
thermoplastic system ( carbon/PPS) were compared and no significant difference was 
found. 
.. . 
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2 INTRODUCI'ION 
Carbon fiber reinforced plastic (CFRP) laminates have been used extensively in 
secondary structure applications in the aircraft of today. H~ever, the need of 
improved impact damage tolerance has become a major factor impeding the 
application of such composite materials in the design of primary load-carrying structural 
members of future advanced aircraft. In the event of an impact, the interior of the 
laminate may be damaged while leaving no visible surface indication if the impact 
energy is low. As a result, delaminations and other impact damage effects can go 
undetected by the naked eye, and consequently structure strength and stability could be 
adversely affected. Fortunately, nondestructive methods exist that allow the detection 
and evaluation of damage caused by a low energy, foreign object impact. Thus, 
damaged areas of the CFRP structure can be repaired, extending aircraft life and 
increasing the margin of safety by which an aircraft will operate. 
Among the various NDE methods for composites, ultrasound has been used most 
extensively. The goal of this research is to further develop ultrasonic NDE for 
composites and to apply such techniques in answering questions of interest in the 
application of composites. The approaches of this study are threefold: (1) make 
quantitative correlation between the total delamination area and the energy dissipated 
by the impactor in the laminate. The results are compared with the fracture toughness 
of the composite; (2) study the transmission of ultrasound through delaminations and 
investigate its implications on the associated "shadowing effect"; and (3) to compare the 
impact resistance of thermoset and thermoplastic material systems. 
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In this research, a drop weight test setup was used to simulate foreign object 
damage (FOD). Glass/epoxy (G/E), carbon/epoxy (C/E), and carbon/thermoplastic 
(C/PPS) laminates were impacted at various damage-inducing energy levels. The 
incident energy of the impactor was varied by changing the drop height or the impactor 
mass. The amount of energy dissipated in the laminate was determined by taking the 
difference between the incident energy and rebound energy of the impactor. These 
energies were measured accurately by filming the impact process on videotape. 
The impact damages in the laminates were evaluated nondestructively using 
ultrasonic B- and C-scans. The overall lateral extent, or the maximum delamination 
area, of the impact damage can be easily obtained with C-scans. Furthermore, 
damages at diffe~ent depths can also be revealed by moving a time window in the 
C-scan. In this work C-scan results, together with knowledge of the delamination 
distribution through the thickness of the laminate, were used to estimate the m!D.l area 
of delamination in all plies. In the case of woven G/E laminates, destructive steps using 
gold chloride penetrant and thermal deply were also taken to obtain the size and shape 
of the delaminations at each ply interface. 
Since partial contacts may exist at delaminated plies, some transmission of sound 
energy can be expected. In studying the transmission of sound waves through a 
delamination zone, through transmission B-scans were made using focused transducers. 
Partial transmission of sound energy was confirmed; furthermore, such scans also 
revealed the small low damage zone at the center of the impact damage region. As a 
demonstration, structures of varying shapes were placed behind an impact-damaged 
coupon and imaged ultrasonically through the delaminations. 
5 
·This study encompassed a number of material systems including C/E, C/PPS and 
G/E laminates made of woven fiber mat and unidirectional prepreg. Impact resistance, 
in terms of dissipated energy per unit area of delamination, was compared for C!E and 
CIPPS laminates. Impact resistance for these two systems was compared. 
··~ 
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3 IMPACT DAMAGE IN COMPOSITES 
Impact damage of a service part can be caused by either manufacturing mishaps 
or environmental hazards. A low energy impact may result in extensive non-visible 
damage. This damage can significantly reduce the residual compressive strength of the 
impact-damaged component. 
There are numerous characteristics of damage caused by an impact of a composite 
part. Chief among the damage characteristics are delaminations. For brittle composite 
material systems, matrix cracking will be extensive. It has been determined that the 
fracture toughness G 1c of the composite material system will affect the extent of the 
initial damage, as well as govern the damage growth rate (1]. Impacts at high energy 
levels can cause fiber breakage and/or global (permanent) deformations. The interest 
of this work lies only in barely visible impact damage (BVID). Nondestructive 
evaluation can be most useful in detecting non- or barely visible damage in composite 
components. 
To simulate low energy impact damage that can occur in service, composite 
laminates, or coupons, are impacted under controlled conditions in a laboratory 
environment. Many researchers use a drop weight impact test setup, although other 
methods have also been used. 
3.1 Impact Damage and Structural Integrity 
The application of cfrp laminates to aircraft structures has demonstrated the 
capability to save weight and improve aircraft performance. McDonnell Douglas has 
successfully flight tested an F I A-18 with a thermoplastic outer left wing panel and a 
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toughened epoxy thermoset right wing panel. The Navy has approved the manufacture 
of 30 additional shipsets of composite thermoplastic leading edge extensions for the 
aircraft. Lewis Research Center has developed a composite air bypass duct for the 
F/A-18. An F-5E was flown in late 1987 with a thermoplastic main landing gear strut 
door. Boeing delivered composite A-6E wings to Grumman in late 1988. Composites 
comprise 51% of the V-22 Osprey structural weight; the Osprey is the world's first 
operational tiltrotor. General Dynamics plans to use thermoplastics in an advanced 
version of the F-16. U.S. military use of composite materials is projected to increase 
29% annually through 1992, when military aircraft manufacturers are expected to''use 
up to 110 million pounds of the materials, according to industry studies; 
Future aircraft wiii require airframes that are lighter weight, easier to maintain, 
and more durable than current construction approaches and materials. The use of 
composite materials in prim~ry structures offers promise of significant weight savings, 
due to their greater specific static strength and even larger improvement in fatigue 
strength. 
The epoxy matrices of these materials, however, have prevented the structural 
engineer from taking full advantage of the performance improvements possible through 
the use of graphite-fiber composites. Efforts to increase the tensile strength and 
modulus of the fiber have resulted in the increase in strength and stiffness of a · 
composite structure. Yet improvements in fiber tensile strength have not ·given 
corresponding improvements in composite tolerance to impact damage, as measured in 
small-scale compression-after-impact tests. Post impact compression strength is 
determined largely by the extent of impact-induced delamination, which depends more 
on matrix toughness and fiber/matrix adhesion than on fiber tensile strength [2,3]. 
,. 
I' 
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Indeed, the matrix is an essential element ~ecessary to maintain fiber alignment, 
stabilize the fibers against buckling and provide for load transfer between fibers. 
Current epoxy resins are brittle and easily damaged by low velocity impact, in some 
circumstances showing substantial internal damage while showing no visual signs of 
being struck. Low-velocity impact may occur during manufacture, by careless part 
handling, during maintenance, usually by accidently dropped tools, or in service, caus~d 
by hailstones, runway debris or bird strike. These impacts can cause significant internal 
damages which result in reduction of load-carrying capability and reliability of the 
structure. The design engineer is thus forced to restrict these composites to load levels 
far below the capabilities of the fibers to compensate for possible impact damage. 
The residual compressive properties after impact depend strongly on the state of 
damage in the composite laminate. At low impact energy levels, the mode of damage is 
predominantly matrix controlled - resin cracking, delamination, etc.~ and the extent of 
the damage is usually small, when compared to the size of the structure. Therefore, the 
residual compressiv~ properties are a strong function of the resin toughness. 
~ . 
Accordingly, effortS i-p~9ye·damage-tolerance have focussed on the matrix, 
particularly strain-to-failure and mode I critical strain energy release rate G leo 
On the other hand, damage states resulting from high impact energy levels are 
more extensive; they involve not only the matrix controlled failure modes, but also 
failure modes that are controlled by the fibers. The net result is the destruction of the 
structural integrity of the test specimen, greatly reducing its load carrying capability. 
The residual compressive properties of the structure, at this point, will no longer be a 
strong function of properties of i~ fiber and matrix constituents. 
, 
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3.2 Morphology of Impact Damage 
At low impact energy levels damage area is limited to a size which is strongly 
related to the contact area during impact, which in turn, is almost directly related to the 
size of the impact object. At high impact energies the damage area is created by both 
the direct impact contact and by damage propagation. The size of the damage depends 
strongly on the ability of the laminate to resist damage propagation. Above some 
energy level, the damage area created can be extensive compared to the size of the 
structure, destroying its structural integrity. At this point, further increases in damage 
area have insignificant effect on the residual compressive properties. 
3.2.1 Impact stresses 
The impact event can be examined in dynamic and quasi-static terms. When a 
laminate is struck on impact in the transverse direction, the development of stresses 
depends on the constraints on it. Assuming a rigid support, first a compression wave 
will propagate away from the point of loading, and then after reaching the other sid,e of 
the laminate, it will return as a tensile wave as a result in the change of phase at the 
clamped condition. If the intensity of the impact is low enough, the stresses of the wave 
should not be sufficient to cause failure, and the waves would travel forwards and 
backwards until their eventual decay. If the laminate is supported along its edges, or 
there is an open space between the supports, the laminate will bend under the impact 
load as the stress waves are decaying. This deformation can lead to tensile and 
compressive fiber failures on the lower and upper surfaces at the higher impact ~nergy 
levels. Compressive failure is localized around the indenter [4]. 
10 
Examine the impact event in Figures la-d. A falling hemispherical tup will impact 
a composite target, producing a quasi-static distributed load. This distributed load will 
produce a complex stress field under the impact region. At the instant in which the 
impactor has zero velocity and acceleration, just before rebound, a local deformation 
may have occurred. The large shear stresses may cause delaminations to initiate as wen 
[5]. 
For simplicity, assume the panel reacts as a 2-D clamped, flat, thin beam under a 
quasi-static load. The shear-moment diagram is then shown in Figure 2. 
The maximum deflection (Eq. 1) is given as: 
Here, 
-WL 3 
Y max= 192£ I 
W = quasi-static load 
L = beam length 
E = longitudinal stiffness 
I = bending moment of inertia 
The moment and slope (Eqs. 2,3) can be written as: 
and 
where the identity function (Eq. 4) is defined as 
( 1) 
(2) 
(3) 
0 if 
-
1 if 
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L 
x<-
2 
L 
x>-
2 
(4) 
Now obsetve the two types of deflections that occur during an impact, as shown in 
Figure 3. As the impactor strikes the target there will be a localized deflection, as weJI 
as a global deflection resulting from the bending of the plate. As shown in Figure lc, 
there is a local stress field due to the contact between the impactor and the surface. If 
the contact stresses are high enough they can cause surface fiber failure. Damage at 
lower contact stress levels wiJI include microcracking and delamination. 
In addition to the local stresses, the impact event also produces a large shear stress 
as depicted in Figure ld and Figure 4. From the local shear diagram in Figure 4 it is 
seen that, to maintain equilibrium, the shear must pass between a state from positive 
maximum to negative maximum across some finite distance determined by the 
distributed load. Thus, directly under the indenter there will be a region of reduced 
shear stress at low impact velocities. 
Another mechanism for causing damage by the low velocity impact is the 
interlaminar stresses formed by the bending. This bending stress, in tension or 
compression, can cause fracture of the outer layer and thus damage the laminate. Such 
fracture is visible and usually causes a reduction in the apparent modulus of the 
laminate. Assume an inner layer is weaker than the outer layer, perhaps due to a 
manufacturing defect such as porosity. Even though the strain level at the inner layer is 
lower than that of the outer layer, the failure stresses of the inner layer can be exceeded. 
This inner layer would then fail before the outer layer, causing an invisible damage. 
; ~· 
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Such a damage can be localized or spread in the lamina. The damage reduces the 
apparent moduli of the laminate, but sometimes it is only by a very small amount, 
depending on the laminate construction and the spreading of the damage. 
Whether damage will start due to bending or due to contact, depends on the 
characteristics of the laminate ·layup, materials and the type of impact. If the damage 
will start by contact forces, i.e. the contact stresses are high enough to cause failure at 
that particular point, it will also cause degradation of the apparent moduli of the 
laminate. Therefore, in both cases, i.e. damage by bending or by contact, the apparent 
moduli will be degraded. 
The local instability of sublaminates due to interlaminar defects results in the 
drastic reduction ~n compressive strength of the laminate. The presence of initial 
deformations results in reduced axial stiffness of the sub laminate. 
3.2.2 Damage modes 
The damage modes of an impacted composite plate can be classified into fiber 
breakage, delamination, and matrix cracking. Generally speaking, the 
penetration-induced fiber breakage is one of the major damage modes in high-velocity 
impact. In low-velocity impact, however, delamination accompanied my matrix cracking 
has been found to be the major damage mode [6]. Delamination is the damage on the 
interface between two laminae, while matrix cracking and fiber breakage are the 
failures in the laminae. Only low-velocity impact damage will be considered. 
3.2.2.1 Matrix cracking Matrix cracking is a general term for matrix damage, 
including cracks in the matrix and debonding between fiber and matrix. Like 
, 
.. · 
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delamination, matrix cracking is also promoted by material property mismatching. The 
stiffness mismatching which is caused by anisotropy will result in delamination on the 
interface of two adjacent laminae with different fiber orientations. Similar 
nonhomogeneity between the fiber and the matrix, i.e., the tensile strength of the fiber 
is greater than that of the matrix, will result in material property mismatching and cause 
matrix cracking in a composite material subjected to a load. 
Principal crack propagation directions are shown for a unidirectional composite 
laminate in Figure 5. Matrix cracks on the impact surface are parallel to the fiber 
direction and perpendicular to the surface of the plate. Interlaminar matrix cracks are 
also parallel to the fiber direction of the internal lamina. Fiber-breaking cracks are 
perpendicular to the fibers [7]. 
Now examine how the cracks are formed. Assume that the plate is in flexure 
during impact, and neglect the membrane effects. Since the compressive strength of the 
matrix is much higher than the tensile strength, the matrix cracks on both surfaces, 
which are perpendicular to the surface of the plate, are believed to be caused by the 
tensile stress. The higher the tensile stress, the longer and denser are the cracks. The 
tensile stress results from the plate becoming convex except near the clamped boundary 
during the first quarter cycle of flexural vibration [8]. The tensile stress which causes the 
matrix cracks on the impacted surface is believed to be generated by the leading part of 
the transient flexural wave immediately after impact [9]. 
Matrix cracking patterns at the impact site are caused by the strain waves in the 
early stage of impact, i.e., before the flexural wave is reflected from the specimen 
holder. The boundary condition only causes a local effect. 
·.·-.. 
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3.2.2.2 Delaminations When delamination damage occurs in a fiber 
composite structure it results in asymmetric laminates being created above and below 
the damage. Consequently when in-plane loads are applied to the damaged structure, 
out-of-plane deformations automatically occur. It is this out-of-plane bending that 
results in the peel and interlaminar shear stresses along the front of the delamination 
and which, in turn, drives the delamination. 
Structural analysis of the compression behavior of delaminated laminates has 
shown that the critical load, or load required to extend an existing delamination, 
depends upon the depth of the delamination [10]. 
Examine the load diagram for a clamped beam shown in Figure 6a. The impact 
produces a large shear force, as well as resultant bending stresses. Now look at a small 
element of the beam directly under the impact load, as shown in Figure 6b. The two 
vertical forces are in near equilibrium with the impact shear. Before examining the 
other stresses, note that the bending stress for a beam is at a maximum at each surface 
and is zero at the midplane of a symmetric laminate. Because of this bending stress 
variation, the stress on the top surface of the element is not in equilibrium with the 
stress on the bottom surface of the element. To achieve equilibrium a shear develops 
across the element, as shown in Figure 6c. If, between two plies, this shear stress is 
sufficiently large, the matrix interface will fail and a delamination will have been 
initiated. Delaminations tend to propagate in the resin-rich areas between plies, due to 
the residual stresses near the fibers (11 ]. The resin provides a low-energy path of least 
resistance for delamination propagation. 
, 
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3.3 Impact Methods 
Many different impact test methods exist for the evaluation of composite 
materials. Two broad categories of impact tests are pendulum and drop weight. The 
selection of an impact test method will depend upon the application of the results 
generated. Instrumented impactors are used when exact force-time data from the 
impact event is required [12]. 
Izod notched, Izod reversed notched, and Charpy are three types of pendulum 
impact tests. When using this type of test method, a free-swinging pendulum with a 
rounded-tip mount is used as an impactor. A single value of total absorbed energy is 
obtained by measuring the energy left in the pendulum after completion of the impact 
fracture, as shown in Figure 7. The primary stress state in a pendulum test is in-plane 
bending and the failure mode is total breakage of the system. 
Drop weight tests can vary in their complexity. The impactor can be instrumented 
so that time-dependent force-deflection and energy-deflection recordings can be made. 
Various boundary conditions, clamped or simply supported, will determine what 
combination of bending, flexural, and shear stress will comprise the impact stress field. 
As with the pendulum method, impactor mass can be varied to determine the initial 
impact energy. Drop height can be varied to vary energy as well as impact velocity. 
As only the detection and evaluation of damage after a low energy impact was of 
interest, an instrumented impactor was not used. A drop weight impact method was 
chosen so that thick, large coupons, more closely simulating actual aerospace laminates, 
could be impacted. Based on previous research experience a drop weight impact 
method as descnbed in NASA Reference Publication 1142 was used. A further 
description of this impact setup can be found in section 5.1.1, Impact Procedure. 
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a b c d 
Figure 1. Pictorial of the impact event. a) A falling object, b) will produce a 
distributed load across a localized region of the composite 
laminate, c) resulting in a region of complex stresses, d) which 
may cause localized deformation and delaminations 
... 
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Figure 2. Shear-moment diagram for a clamped beam. Note that the shear 
force is zero across a small region under the impactor. Deflection 
takes on a maximum value directly under the impactor 
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Figure 3. Local (d) and global (D) deformations of impact target 
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Figure 4. Region of low shear directly under the impactor 
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Figure 5. Principal crack propagation directions in a unidirectional 
composite 
EQUILIBRIUM 
ELEMENT 
b 
20 
0 
c 
SHEAR -INDUCED 
DELAMINATION 
Figure 6. Shear element of clamped beam. (a) The distributed load 
produces a large shear stress across the thickness of the beam; 
(b) Equilibrium of stresses across a small element; (c) Resultant 
shear stresses that initiate a delamination 
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Initial 
Impact 
Figure 7. Pendulum impactor. The difference between the initial and final 
arm height represents the the amount of impact energy 
transferred to the experimental coupon 
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4 NDE OF IMPACT DAMAGE 
NDE of composite laminates is essential to ensure that the part will carry the 
structural loads it was designed to, and thus is widely used throughout the aerospace 
industry. Numerous NDE methods are available to detect impact damage. The 
technique used will depend upon the application and the situation. Ultrasonics is the 
most widely used nondestructive method for the detection and evaluation of impact 
damage. 
4.1 Necessity of NDE 
NDE has a role throughout the entire lifetime of an aerospace component. At the 
design stage of a particular structure, it is important to involve engineers specializing in 
materials knowledge, production manufacturing methods and NDE techniques. The 
designed structural configuration has to be amenable to inspection by NDE techniques 
commonly employed for production quality control. 
During structural testing, various NDE techniques are employed to detect the 
presence of defects and to select the most appropriate technique for monitoring the 
structural integrity. NDE technique development also takes place at this stage to devise 
methods for in-service monitoring. 
NDE is used as a quality control tool during the manufacturing process to insure 
shape and dimensional accuracy, as well verify that the material itself is of an acceptable 
quality and does not contain performance-harming defects. During assembly of 
composite components into an aircraft structure, it is possible that damage may be 
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induced due to drilling, machining, or riveting. Accidental damage can also occur 
during assembly or shipping. Components detected at this point containing defects can 
be reworked. The integrity of the subsequent repairs are then confirmed by NDE. 
NDE is then used for in-service monitoring of the component. Degradation of 
composite structures does occur during the service life. Environmental hazards include 
moisture, chemical attack, thermal spiking, fatigue, overloading, erosion, impact 
damage and lightning strike. Accidental damage can also occur during transportation, 
inspection and maintenance. Due to the uncertainties of the service environment, NDE 
is used to detect material degradation and to ensure continuing structural integrity. 
Scheduled in-service NDE will detect damage induced by the operating 
environment. If the damage detected is within allowable design limits, NDE will be 
used to record the position of the damage and monitor it's growth. If the damage is 
excessive, the part can be repaired or withdrawn from service~ Upon repair, NDE will 
insure that the repair is sound and that structural integrity has been restored. The· 
repair will then continued to be monitored during planned inspections of the structure 
[13]. 
4.2 NDE Methods for Impact Delaminations 
Ultrasonic testing was used to evaluate impact damages and de laminations in 
composite laminates, but there are two other nondestructive methods used for 
evaluating delaminations: eddy current and thermography. A description and 
evaluation of each of these techniques follows. 
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4.2.1 Ultrasonics 
Ultrasonics can be described as the analysis of the reaction of mechanical sound 
waves with their surrounding environment. In the specific case of an impacted 
composite laminate, an ultrasonic wave will behave differently when a delamination is 
encountered. By comparing ultrasonic waves from undamaged and damaged areas an 
evaluation can be made as to the typ~, severity, and location of the impact damage. 
An ultrasonic immersion pulse-echo configuration is shown in Figure 8. The 
transducer acts as both a transmitter (T) and receiver (R) of the mechanical vibrations. 
A portion of the transmitted wave will reflect from the front surface of the laminate. 
The remaining vtbrational energy will be transmitted throught the thickness of the 
laminate to the back surface. At this point a portion of the energy will be reflected back 
toward the front surface, while the remaining energy will be transmitted through the 
back surface into the water on the other side of the laminate. This reflection and 
transmission of the ultrasonic wave is demonstrated in Figure 9. 
Now suppose a flaw exists in the composite laminate, as shown in Figure 10. The 
transmitted mechanical energy will reflect from the flaw surface, just as it does from the 
front and back surface. As the waves are received by the transducer, the mechanical 
energy will be transformed into electrical pulses, which are then displayed on an 
oscilloscope. A representative reading from the stationary transducer in Figure 9, 
displaying voltage versus time, is shown in Figure lla. This is known as an A-scan. 
Point I represents the amplitude of the energy received from the front surface 
reflection, while point II represents that from the back surface reflection. Figure llb 
displays the voltage versus time response for the transducer in Figure 10. Note that the 
amplitude of the back surface signal has been reduced in magnitude due to the 
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shadowing affects of the flaw. The flaw signal itself is located at point II in Figure llb. 
So, an A-scan identifies the location of a flaw within the thickness of a laminate, but not 
the extent of the flaw. 
H the transducer were to move in a linear path across the laminate, the data would 
be viewed in the form of a B-scan, as shown in Figure 12. Here the amplitude of the 
voltage, reflecting the strength of the ultrasonic signal as reflected from the back 
surface, is now plotted as a function of the linear x-position of the transducer .. A 
reduction in voltage indicates the presence of a delamination of other type of damage at 
the linear location of the reduction. The location of the delamination through the 
thickness cannot be ascertained fr.om a B-scan. 
When a laminate is scanned in a grid pattern, using x- andy-coordinates as in a 
cartesian system, the results are then be displayed as a C-scan. Now the voltage 
amplitude, as measured from the signal reflected from the back surface, is displayed as 
a function of (x,y) coordinates, as shown in the grey scale representation of Figure 13. 
The lowest amplitude level is represented by the heaviest shading. The C-scan shown is 
that of an impacted woven G/E laminate. Voltage amplitude can be measured at other 
regions of the laminate beside the back surface by adjusting the location of the "gate" or 
''window". The window specifies a particular location in time at which the amplitude of 
the signal is measured. When a time gate is placed around the flaw signal only, a 
measurement can be made of the extent of the damage at that particular thickness 
location. A gate is placed on the back surface when knowledge of the total cumulative 
effect of all damage is required. 
In addition to the pulse-echo approach there is a test configuration in which 
transducers are placed on either side of a laminate. The transmitted wave is received by 
the second transducer located behind the rear surface of the test coupon. This test 
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configuration, known as through-transmission, can be seen in Figure 14. An advantage 
of the through-transmission setup is the fact that the mechanical energy must travel 
through the laminate and any damage only once. That is, the dissipative effects of the 
damage on the ultrasonic wave are experienced just one time. Through-transmission 
was used to perform all B-scans, establishing the linear extent of a delamination as well 
as detecting, in laminates with low impact energies, a small region of low damage 
directly below the impact location. In the pulse-echo configuration the sound wave 
must travel through the laminate and damage, rebound from the rear surface, then 
again transmit through the laminate and damage, finally to be received by the 
transducer. In cases of heavy impact damage the ultrasonic wave will be dissipated 
before any energy can be received from the reflecting back surface. The three methods 
of displaying the ultrasonic information, A-, B-, and C-scans, all remain the same for 
through-transmission. Only the method of receiving the ultrasonic signal differs. One 
drawback to the through-transmission· method is that a user must have access to the 
opposite side of the laminate being examined. This can be considered a disadvantage in 
field applications. 
An additional method used by others [14] to evaluate damage in composite 
laminates is the polar backscatter technique, perhaps best described by comparing polar 
backscatter to the pulse-echo method previously described. A typical pulse-echo 
measurement is performed with the transmitting beam perpendicular to the specimen 
surface (a polar angle of zero degrees), as shown in Figure 15a. This arrangement 
results in a large reflection due to the accoustic impedence mismatch at the 
fluid/composite interface. This reflection may dominate the ultrasound backscattered 
from features of interest within the specimen. Effects of the large reflection on the 
backscattered signal can be significantly reduced by transmitting at a non-zero polar 
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angle as shown in Figure 15b. 
This polar backscatter technique uses the fact that signals from cylindrical features 
such as fibers are maximum when the transmitting beam is perpendicular to the long 
axis of the fiber, as shown in Figure 16, and falls substantially as the angle of 
insonification changes from perpendicular, Figure 17. Thus, the backscatter at a fiXed 
polar angle exhibits a distinct, systematic azimuthal variation, with sharp peaks in 
backscatter that occur where the transmitting beam is perpendicular to any of the 
principal fiber orientations in the laminate [14]. These sharp peaks are reduced when a 
series of fibers within a ply are broken or misplaced due to a delamination. It is this 
differentiation in scattering that identifies a damaged region. As with a the standard 
pulse-echo C-scan with a window placed on the back surface, the polar backscatter 
measurements represent a superposition of scattering from damage from similarly 
orientated layers. 
4.2.2 Eddy Current and Thermography 
Eddy current testing involves the use of a varying magnetic field produced by a test 
coil to induce small circulating currents, called eddy currents, in electrically conductive 
materials. The conductivity of a specific material will have an affect on the eddy current 
produced. The eddy current sets up a magnetic field which interacts with the magnetic 
field of the coil, such that the impedance of the test coil is changed, as demonstrated in 
Figure 18. Thus, any change in the eddy current field is reflected by a change in the 
impedance of the coil. 
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As compared to metals, carbon fiber reinforced composites have greater electrical 
resistivity. This results in much greater skin depths, thereby providing for the 
through-thickness inspection of much thicker components than are usually associated 
with eddy current NDE of metals. Assuming a typical resistivity for graphite epoxy, the 
skin depth is 1.98 inches [15]. The low but measureable conductivity helps determine 
system parameters such as frequency and sensor design for eddy current inspection of 
impact damage in composite materials. A knowledge of the conductivity also allows one 
to model the eddy current behavior, and thus invert flaws from laboratory data. 
Each individual ply within a laminate consists of conducting graphite or carbon 
fibers in a nonconducting matrix. Since it is the fibers which carry most or all of the 
current, eddy cun:ent is sensitive to variations in the fibers which affect the localized 
resistivity of the material. Since fiber breakage has the greatest effect on the 
current-carrrying capability of the fibers, eddy current is most sensitive to fiber 
breakage. This typically is associated with service-incurred damage resulting from high 
energy impact and fatigue. However, barely visible impact damage results from low 
energy impacts. At low energy levels fiber breakage is minimal, thus reducing the 
effectiveness of the eddy current technique, as the unbroken fibers still conduct current 
at undiminished levels. 
Another method for evaluating impact delaminations is thermography. There are 
two thermographic NDE techniques used to evaluate impact damage in composite 
materials. The Stress Generated Thermal Field (SGTF) technique, also known as 
vibrothermography, subjects a specimen to cyclic loading and heat is developed by 
frictional rubbing of defect surfaces and material damage. The Externally Applied 
Thermal Field (EA TF) technique produces surface temperature differences near flaws 
by subjecting a specimen to an external heat source. The hot spot generated by both 
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methods can be detected by liquid crystals or infrared radiometers. 
Single delaminations provide the least thermal resistance and are therefore the 
most difficult to locate. Larger delaminations and those closer to the heated surface will 
be easier to detect than a small delamination located close to the back (unheated) 
surface. The location of the maximum temperature gradient gives delamination extent. 
When using the SGTF technique, impact damaged zones are more efficient at 
converting kinetic energy to heat. Hence, at certain frequencies, delaminations and 
other damages appear to a scanning infrared camera as hot zones. Two distinct 
different types of frequency dependence have been observed during 
vibrothermographic inspection of impacted laminated composites. Either the part 
resonates or the delamination resonates (16]. 
The EA TF thermographic NDE technique can be successfully used to detect 
delaminations and other impact damage at and above certain critical sizes in composite 
materials. Interior flaws such as delaminations which interrupt heat flux normal to the 
observed surface are identified by hot spots on the heated surface or cold spots on the 
opposing surface. In EATF thermography, the greater the hot spot, the better the flaw 
delectability. Detectability is enhanced by the length of time that the thermal pattern 
remains. For thick laminates, near-optimal heat intensities and heat application times 
must be applied. Planar location and planar size are obtained directly from the surface 
thermogram. When considering a low energy impact, damage classifies tion and 
location is not known a priori. Thus the relationship between temperature difference, 
maximum temperature gradient, fractional conductivity, and flaw location is not unique 
for multiply damaged regions. (Fractional conductivity is the ratio of transverse thermal 
conductivity of a one-layer-thick region of composite containing delaminations to the 
conductivity of an intact layer.) A major drawback to the EATF technique is that 
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. ·impact damage can be detected only if it causes a thermal discontinuity [17]. 
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Figure 8. Ultrasonic immersion pulse-echo configuration 
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Figure 10. Transmission and reflection of an ultrasonic wave from a flaw 
surface within a composite laminate 
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impacted composite laminate 
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Figure 13. Typical C-scan of an impacted G/E composite laminate 
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Figure 14. Through transmission ultrasonic configuration. A second, 
separate, receiving transducer is used to "catch" the transmitted 
mechanical energy after it has passed through the damaged 
region 
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Figure 15. Side view of a) normal incident pulse-echo scan, and b) polar 
backscatter scan with transducer oriented an angle a from the 
vertical z-axis 
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Figure 16. The transducer signal is normal to the long axis of the fiber 
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Figure 17. The transducer signal is not normal to the long axis of the fiber. 
The signal will fall substantially as a consequence 
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Figure 18. Magnetic field and eddy current streamlines 
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5 EXPERIMENTAL 
Both destructive and nondestructive tests were performed to simulate and 
evaluate barely visible impact damage. A drop weight test was chosen to simulate a low 
energy impact event. Each laminate was impacted only once. The impact events were 
videotaped and then replayed back to measure impact quantities such as initial and 
rebound energy of the impactor. Impact variables included variation of impact 
boundary conditions, impactor mass, and the laminated material system. 
Following impact each laminate was thorougly evaluated by ultrasonic 
nondestructive evaluation. Pulse-echo and through-transmission line scans were 
performed to determine the degree of ultrasonic transmission through damaged areas. 
Pulse-echo C-scans were made to map out and estimate the extent of the total damag~ 
area. Selected laminates were destructively evaluated to correlate actual damage with 
that estimated by ultrasonic evaluation. 
S.l Impact Procedure 
The experimental setup used to impact each test coupon, shown in Figure 19, is 
similar to that specified by NASA Reference Publication 1142. The impact fiXture itself 
was machined from 17-4 PH precipitation hardened stainless steel. Four 0.5 inch 
diameter bolts were used to clamp the laminate between the clamping plate and the 
impact fixture at a torque of 20 inch-pounds. A 9.8 pound weight, 2 inches in diameter 
with a 0.5 inch hemispherical tup, was used as the impactor. The steel weight was 
suspended over the laminate to be impacted with an electromagnet. By turning off the 
current, it was ensured that the impactor was released with zero initial velocity. The 
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drop weight would impact the clamped composite coupon and rebound. A wooden 
"shutter" was moved over the coupon after the impactor made the first rebound to 
prevent multiple hits on the laminate. 
The impactor fell in a glass guide tube with an internal diameter (ID) of 2.1 inches. 
Tests showed that the frictional force of the guide tube wall had negligible effects on the 
impact energy and velocity of the drop weight. A measurement scale, printed on a thin 
sheet of transparency film, was adhered to the outside of the glass guide tube. A large 
piece of white posterboard was used as a backdrop to the test setup when filming each 
impact event, providing a light background against which the impactor and scale 
markings could easily be distinguished. The falling and rebounding of the impactor 
behind the transparent ruler was filmed with a video camera at a shutter speed of 30 
frames per second. The impact event was then replayed via a VCR with a single frame 
advance feature on a high definition video monitor. 
Initial drop height and rebound height were recorded in this manner. Since the 
mass of the impactor was known, the incident and rebound energy and momentum \vere 
easily measured from the visual record of impactor height and velocity. The standard 
30 frames per second speed of the VCR served as a convenient clock in the velocity 
measurements. The energy lost by the impactor is the difference between the incident 
and rebound energy. It was assumed that the energy lost by the impactor is equal to the 
energy dissipated in the panel. This damage energy was dissipated through the damage 
mechanisms of delaminations, matrix cracking, and at higher energy levels, fiber 
breakage. 
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5.2 Impact Variables 
When considering the results of the impact tests, several variables must be 
considered. Two different clamping plates were used on the impact fiXture. Two 
impactors with different masses were used in an attempt to create varying degrees of 
damage. Several different composite material systems were impacted and inspected. 
Among the materials systems, laminate thickness varied as well. 
Two separate clamped boundary conditions were evaluated. NASA Reference 
Publication 1142 calls for a 0.5 inch thick clamping plate with a 5 inch by 5 inch impact 
area. Another clamping condition reported in the literature was a clamping plate with a 
3 inch circular impact area. Both conditions were used so that the results could be 
compared with other published data. As discussed in Section 3.2.1, the size of the 
impact area affects the mechanics of the impact event. 
Two different impact masses were also used. One of 4470 g (9.85 lb), the other of 
1083 g (2.39 lb ). The large impactor was called for by NASA Reference Publication 
1142. Large damage areas and visible surface damage resulted when this impactor was 
used. The smaller impactor was then fabricated so that barely visible impact damage 
could be evaluated. Each impactor was cylindrical in shape, 2 inches in diameter. Only 
the length of each cylinder varied. The back end was machined flat to accommodate 
attachment to the electromagnet. The impact end was machined at approximately a 30 
degree angle so that only the hemispherical tup would come into contact with the target 
laminate. The tup was a 0.5 inch diameter steel ball bearing. It was inserted into the 
impact end so that half of the ball protruded from the impactor. 
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Two different families of fibers and two different families of resin systems were 
evaluated. Glass and carbon, in the form of mats or fiber, were impregnated with epoxy 
or thermoplastic resin systems. Various epoxies were used, although not all were 
identified. It was assumed that each epoxy resin system's mechanical properties were 
approximately the same. The thermoplastic resin used was polyphenylene sulfide 
(PPS). 
Glass/epoxy laminates were fabricated from woven glass mats. A quasi-isotropic 
layup was used. Laminates consisted of 16 or 24 plies. Each panel received from the 
FMC Corporation (FMC) measured 15 inches by 12 inches. Upon receipt, each panel 
was then cut in half with a handsaw using a fine-toothed blade. Thus, for example, 
panellO was then referred to as panels lOL and lOR. In addition, each panel was 
impacted at two different locations, using different clamped boundary conditions. The 
five inch by five inch boundary condition was referred to as impact A, and the 3 inch 
diameter circular boundary condition was referred to as impact B. Therefore, impacted 
coupons from panellO are referred to as laminates lOL-A, lOL-B, lOR-A, lOR-B. Four 
such laminates were impacted and inspected. 
Carbon/epoxy systems from the LTV Aerospace Company (LTV) and FMC were 
also impacted and inspected. The LTV laminates were a 48 ply quasi-isotropic layup of 
an unknown material system. The FMC C/E laminates used a [ 45/0/-45/90]6s layup, 
identical to that of the thermoplastic C/PPS system provided by Phillips Petroleum. 
5.3 Nondestructive Evaluation 
The ultrasonic scan system consists of a motorized immersion test tank, an 
ultrasonic pulser/receiver (Panametrics 5052PR), a gated peak detector (MetroTek 
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MD702), an AID converter (Tektronix MI5010), a digitizing oscilloscope (LeCroy 9400) 
and a computer (Tektronix 4052). By adjusting the delay and width of a time window of 
the gated peak detector, scans can be made on the back surface echo or on 
backscattered signals from a certain depth in the interior of the panel. Both 5 MHz and 
10 MHz focussed transducers were used. 
Through-transmission line scans were used to investigate the degree of 
transmission through delaminations and other impact damage. The signal measured is 
the first arrival of the through-transmitted ultrasonic echo. Half inch diameter, 4 inch 
focal length broadband transducers, nominally centered at the frequency selected, were 
used. First the transducers were arranged so that they were aligned along on the same 
axis; they were then separated and the panel inserted between them. The transducers 
were then mechanically linked to each other so that they moved in unison. Each 
transducer was focussed at the midplane of the damaged laminate. Figure 20 shows the 
configuration for making a through-transmission line scan of an impact-damaged 16-ply 
G/E panel. The ultrasonic beam width at the focal plane is a function of the lateral 
displacement of the transducers. 
C-scans were performed in the pulse-echo mode only, using the same transducers 
descnbed above. C-scans were used primarily to map the extent of the impact damage 
in each laminate. Most C-scans were made using a 40 by 40 (x,y) grid, with the voltage 
amplitude measured with an increment size of 0.050 inches. The largest delamination 
was measured by focussing the transducer on the back surface of the impacted laminate 
and gating at that location. Damage extent was evaluated at various locations through 
the thickness of each impacted laminate by adjusting the transducer focus point and the 
gate location of the oscilloscope signal, respectively. An estimation of the damage 
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structure was made by evaluating the damage at various locations through the thickness 
of an impacted laminate. Once the damage structure was verified a trapezoidal method 
was used to provide total damage area estimates. 
5.4 Deply 
Following ultrasonic nondestructive evaluation, two impacted G/E laminates were 
also chosen for destructive evaluation. This destructive evaluation procedure, known as 
deply, was developed by S. M. Freeman [18]. Deplying permits the characterization of 
impact damage at every interlaminar interface. The impact zone is saturated with a 
gold chloride solution which penetrates into the regions of matrix cracking and 
delaminations formed by the impact. The composite is then heated to approximately 
lOOQOF to partially pyrolyze the resin matrix and thus allow the lamina by lamina 
separation of the laminate. The damage at each interface is highlighted by gold left at 
the damage site. This allows the characterization of the area, orientation, and shape of 
the damage as a function of ply depth. This method works best with a woven laminate. 
Unidirectional plies tend to break apart during separation following pyrolization, while 
woven layers have a greater tendency to stay together. 
This penetrant works very well in identifying matrix cracks and delaminations in 
G/E panels because the laminate is translucent, allowing regions darkened by the 
penetrant to easily stand out during visible examination with back source lighting. 
Matrix cracks are not visible in C!E panels saturated with gold chloride solution due to 
the opacity of the laminate. Also, application of heat "drives out11 the matrix material, so 
the extent of the microcracking must be measured by visual means before the laminate 
is cooked and deplied. Accurate measurement of matrix cracks and delaminations are 
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also dependent upon the gold chloride solution having a path to reach the damaged 
area. Once the laminate was deplied a tracing of the damage at each interface was 
made, allowing a physical calculation of the total damage are to be made. 
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Figure 19. Impact experimental test setup 
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Figure 20. Configuration for through-transmission line scan of 
impact-damaged laminate 
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6RESULTS 
In an effort to determine delamination growth through the thickness, windowed 
C-scans were made on impacted laminates. Based on these results and visual 
examination of impacted G!E laminates, a trapezoid model was developed to predict 
the total delamination area. The model prediction was then compared with physical 
deply measurements. While ultrasonically evaluating delamination zones, a low damage 
central spot was discovered. Dye penetrant nondestructive evaluation allowed the 
detection of microcrack regions that extend beyond the limits of a delamination zone. 
Raw impact data and interpretations follow the presentation of delamination 
evaluation. Four different material systems were impacted. A new variable, damage 
energy, was declared. Damage energy is that energy that is absorbed by mechanical 
damage mechanisms during the impact event. Impact and damage energies were then 
measured, and correlated with total damage area. 
Finally, the issue of ultrasonic partial transmission through delamination zones 
was explored. T~rough-transmission, pulse-echo, and a "double through-transmission" 
method was used to demonstrate that in fact ultrasonic signals are not fully attenuated. 
Specifically, by maximizing gain and minimizing damping a full evaluation of a 
delamination zone can be made. The effects of attenuation on the ability to accurately 
describe the extent of a delamination zone was then explored. 
6.1 Laminate Damage 
Delaminations are one of the main results of impact damage. A discussion of the 
stresses involved in the delamination initiation and growth was presented on pages 
50 
17-19. To summarize, delaminations result from bending stresses incurred by the 
laminate during the impact event and grow in resin-rich regions along the fibers. The 
largest delamination tends to occur on the opposite surface of the impact event. 
A series of C-scans were made through the thickness of a C!E laminate to provide 
information on delamination size as it related to laminate thickness location. The 
laminate evaluated had a 48 ply [ 45/0/-45/90]6s layup, measuring 0.28 inches thick. It 
was impacted at an en~rgy of 10 joules. A barely visible mark on the front (impact) 
surface resulted from the impact, while the back surface seemed bowed out in a 
localized region directly under the impact site. 
Eight C-scans were performed though the thickness of the C/E laminate, using a 5 
MHz 0.5 inch diameter transducer with a 4 inch focal length in water. Each C-scan 
covered a 3 inch square area; a 40 by 40 grid with 0.075 inche spacing was used. The 
peak detector gate width was approximately 0.4J..'S, or 0.023 inches, based upon the 
measured speed of sound of 0.29 cm/J..'S in the material. The focal point of the 
transducer was changed to correspond with each change in gate location. The 
peak-to-peak signal amplitude within the time gate was stored in the computer before 
the transducer was moved by the Klinger controller to the next grid point. 
The location of the window gate, along with the accompanying C-scan, is shown in 
Figures 21-36. It is quite clear that the delamination size increases dramatically from 
the impact surface to the back surface. The tendency for the delamination size to 
increase through the thickness of the C/E laminate agreed well with visual observations 
made of the translucent G/E laminates. The windowed C-scans as well as the visual 
observations provided the impetus for the development of the trapezoid model for total 
delamination area estimation. 
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Upon identification of the impact damage distnbution through the laminate 
thickness, the total delamination area was estimated through the use of a trapezoidal 
model. This total delamination area estimation was then physically verified with 
destructive deply results. 
Use of the trapezoid model is based upon the assumption that the diameters of 
the intermediate delaminations through the thickness of the laminate vary linearly from 
the top surface to the bottom surface, as shown in Figure 37. This assumption is 
· supported by the windowed C-scan results presented previously. The total 
delamination area was then computed by summing up the area of delaminations, 
assumed to circular in diameter, over the total number of ply interfaces .. It should be 
pointed out ~hat the actual delaminations are not circular in shape. The delamination 
appears circular in these C-scan results because the window gate covered several 
different ply interfaces; thus an "average" delamination size and shape was measured. 
Trapezoidal calculation of the total delamination area due to impact required the 
input of the total number of plies, as well as delamination diameter at the top and 
bottom laminate surface. In the case of the C!E panels the rear delamination size was 
determined by C-scan. The peak detector gate· was placed on the rear surface signal. 
The diameter was then measured by using the hardcopy output of the C-scan results. 
The upper delamination diameter was assumed to be zero. This assumption was 
verified by ultrasonic C-scan. 
The woven G!E panels used in the impact tests are translucent. This allowed a 
visual measurement to be made of the upper and lower delamination diameters. These 
diameters were measured directly with a vernier caliper. Ultrasonic C-scan of these 
impact sites, using a focussed transducer, also revealed size of the smallest (top) and 
largest (bottom) delaminations. A comparison of the visual and C-scan delamination 
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diameters and area estimations is given in Table 1 and demonstrated in Figure 38. 
To determine the validity of the trapezoid model used to estimate total 
delamination area, destructive deply tests were performed on selected G/E laminates. 
A gold chloride solution in diethyl ether was applied at the impact point of the laminate. 
Microcracks provided a path for the gold chloride to penetrate interply delamination 
areas through the thickness of the laminate. The penetrant-soaked panel was then 
thermally deplied by heating in a muffle furnace at approximately 10QOOF for one hour. 
Following cool down the laminate was peeled apart into separate laminae. The 
delamination area on the front and back surface of each separated ply interface was 
then traced over onto a sheet of plastic. By summing the front and back damage areas 
on each ply and then dividing by two an average total delamination area was obtained. 
The total deply delamination area determination was made by first making a 
photocopy of the ply by ply damage tracings, as shown in Figure 39. The damaged 
(dark) areas were cut out and weighed. This damage weight was then compared to the 
weight of a known area of paper. By comparing the weight of the known paper area, 
the area of the damage tracings could be calculated; thus the total delamination area 
was known. The trapezoidal estimate was found to be 14% to 19% greater than that 
from the deply measurement, as shown in Table 2. This may be due to the fact that 
delaminations were assumed to circular in shape when applying the trapezoid model. 
Also notice in Table 2 the correlation of the impact and damage energy, and total 
delamination area between the two panels. Even though the impact energy of each 
panel is quite different, by comparing the ratios it can be seen how well damage energy 
relates to impact energy, and how well the deply estimation compares to the visual 
estimation. This experiment verified the use of the trapezoid method, allowing 
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confident predictions of damage area in C!E laminates that are not translucent. ·The 
lack of translucence does not allow visual verification of delamination size in C/E and 
C/PPS laminates. 
Although delaminations represent the most serious damage due to impact, matrix 
cracking is also of concern. Matrix cracks can provide a path by which water may be 
ingested into the composite structure. Figure 40 shows a photograph of matrix cracking 
on the back side of an impacted woven 16 ply G/E coupon. The microcracks are 
revealed by the presence ~fa gold chloride ethyl ether dye penetrant. Note that the 
cracks tend to follow the path of least resistance; that is, the cracks propagate along the 
path of the fiber. Obviously the layer of woven cloth closest to the back surface has a 
±45 orientation. Figure 41 is an additional photograph of the same woven G!E 
laminate. An outer ring of microcracks that extends slightly beyond the region of 
maximum delamination is evident. Fracture energy was sufficient to create th~ outer 
ring of matrix cracks, but not sufficient enough to drive further delamination growth. 
Also evident in the photograph is the low damage central spot first discussed in Section 
3.2. 
In translucent G/E laminates the confirmation of a low damage central spot was 
evident both visually and through the use of line scans and C-scans. Figure 42 is the 
result of a line scan performed on FMC G/E coupon 14R-B in the immersion mode. 
The line scan was done using a "double through-transmission" configuration in which a 
time gate was placed on the ultrasonic echo reflected off of a steel plate placed under 
the G/E coupon. 
The coupon was suspended above a steel plate using 0.375 inch thick shims. In 
this manner the ultrasonic signal from the back surface of the glass panel was separated 
from the front surface of the steel plate. The signal reflected from the steel plate was 
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used instead of the back surface of the G/E panel to help differentiate when the signal 
was dropping due to impact damage or when it was dropping due to lack of a reflector, 
i.e., the edge of the steel plate. The focussed transducer signal was maximized on the 
front surface of the plate. In order to maximize the strength of the signal through the 
·damaged region, the attenuation and damping of the pulser/receiver were set to zero, 
while the gain was set to 40 dB and the energy level of the amplifier was set to 4. These 
settings correspond to the maximum output of the pulser and the highest gain of the 
receiver. The lowest damping was also used so that the pulses were the most narrow in 
time, hence giving the best resolution. The signal was saturated in undamaged regions, 
but did penetrate through and drop off in impact damaged regions. Although the signal 
dropped in the damage region, it did not totally disappear. This indicated that some 
energy from the ultrasonic signal went through the damaged zone and was then 
received. The slight rise of the signal in the center of the damage region correlates with 
visual indications of a low damage region directly below the impact point. 
6.2 Impact Data 
Four different material systems were evaluated over a wide range of energies that 
produced, for the most part, barely visible impact damage. FMC provide four G/E 
panels of varying thickness measuring 14 inches tall by 12 inches wide. Each panel was 
cut in half, resulting in a left (L) or right (R) designation for eight different panels now 
measuring 7 inches by 12 inches. Each panel was then impact at both ends, using a 5 
inch square boundary condition, designated -A, or a 3 inch diameter circular boundary 
condition, designated -B. The impact results for the FMC G/E laminates are presented 
in Table 3. Panel10 was fabricated from 24 layers of prepreg woven cloth in a 
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quasi-isotropic layup, and measured 0.235 inches thick. Panels 12-14 were 16layer 
woven cloth quasi-isotropic layups. Panel12 measured 0.14 inches thick, while panels 
13 and 14 had a thickness of 0.15 inches. 
Three C!E panels supplied by LTV were also impacted. Each panel originally 
measured 12 inches by 12 inches, fabricated from 12 inch wide prepreg tape. Panel 
thickness averaged 0.25 inches. Each of the three laminates was cut into nine 4 inch 
square coupons, which were impacted using a 3 inch diameter circular boundary 
condition. The impact data for the LTV C/E coupons is shown in Table 4. Although 
the exact layup sequence was unknown, examination of the cut laminate edge indicated 
a 48 ply quasi-isotropic layup. 
FMC also provided a C!E panel that was used in comparison with the LTV C!E 
and Philips thermoplastic (PTP) C/PPS impact coupons. The layup of this 48 ply panel 
was [ 45/0/-45/90]6s' identical to that of the thermoplastic laminate provided by .Phillips 
Petroleum. Panel thickness was 0.28 inches. Again, the 12 inch square laminate was cut 
into nine 4 inch square coupons, each impacted using a 3 inch diameter circular 
clamped boundary condition. The impact results for the FMC C/E laminate can be 
found in Table 5. 
Finally, a carbon polyphenylene sufide (PPS) thermoplastic panel was impacted. 
This thermoplastic panel was expected to show a greater resistance to impact damage 
than any of the brittle C!E laminates (19]. As with the LTV and FMC C/E panels, 4 
inch square coupons were impacted using a 3 inch diameter circular clamped boundary 
condition. The impact results for the PTP C/PPS laminate is presented in Table 6. 
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Now examine in greater detail the G/E impact data of Table 3. The damage 
energy~ has been defined to represent the balance between the impact and rebound 
energy. This energy is lost through various damage mechanisms, among which are 
delaminations, matrix cracking, fiber breakage, etc. 
~ = Ej- ER = A'fGic + Ematrix + Efb + Bother 
Here Gic represents the critical energy required to initiate and propagate crack 
growth in the Mode I direction. Thus the quantity A'fGic represents the energy 
required for the growth of all delaminations through the thickness of the laminate. 
Since the coupons were impacted at low energy levels, energy lost due to fiber breakage 
was neglected. Similarly, other energy propagations such as friction of the impactor and 
heat generated upon impact were neglected. Therefore, it is assumed that the damage 
energy 6E is equal to the energy used to cause delamination growth and matrix 
cracking. Now examine Figure 43. Now the effect of boundary condition size has been 
neglected; the total delamination area has been compared to the respective damage 
energy. A least squares fit of the data was taken, then inverted to obtain a quasi-GJc 
value of834 J/m2. The term quasi is used, as GJc for composites is not usually 
measured dynamically but rather in a quasi-static fashion. A typical range of GJc for the 
G/E material system used, according to 3M data, is 500-600 J/m2. Considering that the 
trapezoidal model over estimates the total damage area by roughly 20%, the inverse 
slope is approximately 1000 J/m2. This implies that, if one accepts the notion that GJc is 
the energy needed to create a unit area of delamination, then about 50-60% of the 
energy lost by the impactor and dissipated in the panel is consumed by the formation of 
delaminations. The remaining portion of the damage energy is presumably dissipated 
through matrix cracking, fiber-matrix disbanding, fiber breakage, etc. 
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Examine Figure 44, where the total damage area is now correlated with the impact 
energy Ei· The effect of impact boundary conditi<?n size on subsequent resultant 
damage area is shown. Although there is a degree of scatter across the range of impact 
energy, it is quite obvious that at any one impact energy a coupon with a 3 inch circular 
boundary area will sustain a higher level of total damage than that of the larger 5 inch 
square boundary area. This is because the larger area dissipates energy through flexure 
during impact, whereas the smaller area represents a greater stiffness, and thus deflects 
less. Less energy loss through the flexure mechanism means that more energy is 
available to initiate and drive crack growth. 
Notice in the tables of data a column referred to as coefficient of restitution R. 
The variable R is defined here to be the percent ratio of final, or rebound, impactor 
height to initial impactor height. (Note: this is different from the conventional 
definition of restitution being the the ratio of the velocities.) The coefficient of 
restitution is an additional indication of energy loss. Figure 45 correlates the cdefficient 
of restitution with impact damage energy. Note once again the effect of boundary 
condition size. Note that the larger impact boundary condition routinely has a higher 
coefficient of restitution. This is consistent with the results shown in Figure 44. A panel 
with a higher degree of flexibility will return more energy to the impactor, increasing the 
impactor rebound height. 
Figure 46 demonstrates the relation between the coefficient of restitution and 
total damage area. Though there is a small degree of scatter, it is seen that a value of 
total impact damage is reflected by a low coefficient of restitution. Again, this strongly 
correlates with previous figures. Energy not transferred back into the impactor for 
rebound must be dissipated through damage mechanisms in the laminate. 
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Since there were several different thicknesses in the set of G/E panels, the effects 
of panel thickness on impact damage was investigated. In one study reported in the 
literature (20], the damage area was correlated to the incident impactor energy 
normalized by the panel thickness. In this work it was found that the damage areas 
could be drastically different for the same normalized impact energy. For example, 
Table 7 shows the impact data of two woven G/E coupons, one 24-ply and one 16-ply. 
As can be seen, the damage area differed by a factor of 3 while the impactor energy 
normalized by the panel thickness is approximately equal. Table 7 also shows the 
damage energy LlE, which correlates very well with the total damage area. 
Now make some comparisons between the various material systems. One 
hypothesis previously made [ibid] is that th~ total impact damage is more closely related 
to the damage energy as opposed to the impact energy. This hypothesis is supported in 
Table 7 by the strong correlation between the damage energy and total damage area. 
With that in mind view Figure 47, which makes a comparison of C/E and C/PPS 
coupons with similar thicknesses. It was expected that the thermoplastic material 
system would exhibit a noticeably lower total damage area at equivalent damage 
energies, due to the mechanical behavior of the thermoplastic matrix. That is, the 
thermoplastic matrix is much more ductile. It tends to deform rather than fracture. 
Given this characteristic, one would expect damage to be localized in a region 
surrounding the impact event, with localized compression from the impact to be visibly 
evident. At equivalent impact energies there was a much more easily identifiable mark, 
yet as seen from the figure, there is very little difference in the total damage area. 
Another comparison made with the LTV C!E laminates compares coefficient of 
restitution and total damage area values with those obtained from impacts on G/E 
laminates. It was assumed that the mechanical properties of the two epoxy matrix 
i 
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systems was quite similar. Now the variable involved is the fiber within the matrix itself. 
Glass fibers tend to have a much lower modulus of elasticity that carbon fibers. That is, 
glass fibers are less stiff and more fleXIble than carbon fibers. This is demonstrated in 
Figure 48. It is seen by the slopes provided from least square fit of the data that for an 
equivalent total damage area the G/E system would have a much higher coefficient of 
restitution. The greater flexibility of the glass fibers within a similar epoxy matrix allows 
more energy to be returned to the impactor in the form of rebound energy. Thus less 
damage is sustained by the G/E laminate under similar impact conditions. However, it 
. should be noted that glass fibers are much more dense than carbon fibers, and designers 
in the aerospace industry are reluctant to pay such a weight penalty. 
The ev~luation of impact data is concluded by comparing impact results for 
identicallayups [ 45/0/-45/90)6s of C/E and C/PPS laminates. The only variable in the 
comparison is the matrix itself. First observe in Figure 49 that the coefficients of 
restitution are essentially the same for either material system. Earlier it was 
demonstrated that a higher coefficient of restitution indicates a predilection to damage 
tolerance. Now compare the resultant total damage area as a function of damage 
energy for the two material systems. As shown in Figure 50, the C/E laminates 
consistently sustained a lower level of total damage than did the C/PPS laminates over a 
wide range of damage energies. 
6.3 Partial Transmission 
Delaminations in composite laminates are quite effective in blocking the 
interrogating ultrasound. However, the degree of ultrasonic opacity depends upon the 
frequency and focussing of the beam and on the contact conditions of the delaminated 
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surfaces. For example, local stress could hold the surfaces in contact. This is known as 
a "kissing" disband. A photomicrograph of this effect can be seen in Figure 51. 
Measurements were therefore conducted to investigate the degree of transmission 
through delaminations. Figure 52 shows the configuration for making a 
through-transmission line scan on an impact-damaged 16-ply G/E laminate. The 
transducers used were 0.5 inch diameter 5 MHz focussed probes with a focal length of 4 
inches in water. 
Originally presented as Figure 42 in Section 6.1 is the transmitted signal amplitude 
versus lateral distance for the through-transmission line scan of an impact-damaged 
16-ply G!E laminate. As can be seen the signal amplitude decreased rapidly when the 
beam moved into the damaged zone. However, even at the lowest signal level of 70 m V 
there was still a definitely observable transmitted echo. The extremal signals in the scan 
were 1.4 V and 70 m V, differing by a factor of 20. 
In addition to through-transmission, the method of ultrasonic pulse-echo was also 
used to demonstrate partial transmission. First, two C-scan was made of an impacted 
C/PPS laminate. One window was placed at approximately three-quarters of the way 
through the thickness (0.75t) of the laminate, which was scanned from the front, or 
impact, surface. Then the panel was turned over and a second C-scan was made at a 
window position of 0.25t. This was the same physical location examined by the front 
scan. The difference is that the back scan must transmit through large delaminations 
that "shadow" smaller delaminations hidden behind them, as demonstrated in Figure 53. 
Figures 54 and 55 show the results of the two C-scans. When the two scans are 
overlapped, it can be seen that the two damage areas are approximately equal. If 
partial transmission did not take place the 0.25t scan taken from the back surface would 
not match up with the 0. 75t scan taken from the front surface. 
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Partial transmission was also documented by the pulse-echo ultrasonic evaluation 
of G!E laminates. The test setup is shown in Figure 56. A 5 MHz 0.5 inch diameter 
transducer with a focal length of 4 inches in water was focussed on a block behind the 
back surface of the glass coupon. The peak detector gate was placed on the signal 
reflected from the block. Line and C-scans were then performed over damaged and 
undamaged regions of the laminate. 
A C-scan of an impacted G/E laminate using the test setup of Figure 56 is shown 
in Figure 57. The low damage central spot is evident here. However, the C-scan was 
expected to outline the extent of delaminations and show the sharp drop off of the block 
edge. The expected signal amplitude distnbution is demonstrated in Figure 58. Within 
the hemicircle the signal should drop gradually from the circumference to the center 
because more and more delaminations are being propagated through. However, the 
C-scan of Figure 57 shows a curved gradual drop off at the block edge. This is because 
the point where the signal first totally disappeared was defined as the "edge" of the 
block. But the beam width is finite, so when the signal is large (in an undamaged 
region) the edge appears to the right of the actual location because the fringe of the 
beam is large enough to produce a signal. When the signal is small (in the damage 
zone), the fringe effect is negated. That is, the signal is attenuated so the location of the 
perceived block edge is close to that of the actual physical block edge. 
To evaluate the effect beam attenuation had on the ability to detect the block 
edge, or in effect determine the size of an object, a series of line scans were performed 
at different gains. The one inch wide block was scanned using the same test setup in 
Figure 56 through water alone, and, through an undamaged G/E panel. These gain 
trade studies are shown in Figures 59 and 60. If the detection of the block edge is 
defined by where the signal drops to zero, the block "width" appears wider and wider as 
62 
increasing gains were used. Hence the edge of the block in the C-scan of Figure 57 
would appear at different places dependent upon the gain. Referring to Figure 59, 
select a midpoint between the signal peak and minimum on either side of the signal 
peak. This distance between the two midpoints is found to be one tenth of an inch, the 
actual width of the block. Transmitting through the G/E panel tends to diffuse the 
width of the signal even more. In this case a 75% drop in signal seems to indicate the 
true panel edge width, as shown in Figure 55. These trade studies indicate that a 
two-pronged approach should be taken to detect and evaluate flaws. First, the impact 
damage zone should be detected using normal pulser/receiver settings. Once the 
damage zone has been detected, pulser/receiver settings should be maximized and 
damping minimized so that maximum penetration of the ultrasonic signal can be 
realized. 
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Figure 21. Location of time gate in waveform for window 1 C-scan. Focus 
is at O.lt 
FMC C/ E AS WINDOW FRONT SCAN 
SIGNRL RMP 
Figure 22. C-scan of C!E laminate impact damage. Position of gate is at 
time window 1 
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Figure 23. Location of time gate in waveform for window 2 C-scan. Focus 
is at 0.2t 
FMC C/E AS WINDOW 2 FRONT SCAN 
SIGNRL RMP 
Figure 24. C-scan of C!E laminate impact damage. Position of gate is at 
time window 2 
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Figure 25. Location of time gate in waveform for window 3 C-scan. Focus 
is at 0.3t 
FMC C/E AS WINDOW 3 FRONT SCAN 
SIGNRL RMP 
Figure 26. C-scan of C/E laminate impact damage. Position of gate is at 
window 3 
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Figure 27. Location of time gate in waveform for window 4 C-scan. Focus 
is at 0.4t 
FMC C/E RS WINDOW 4 FRONT SCRN 
SIGNRL RMP 
Figure 28. C-scan of C/E laminate impact damage. Position of gate is at 
window 4 
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FMC A5 GATED WAVEFORM • SCAN FROM FRONT SURFACE 
FOCUS AT 0.50t - NO DAMAGE LOCATION 
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Figure 29. Location of time gate in waveform for window 5 C-scan. Focus 
is at 0.5t 
FMC C/ E AS WINDOW 5 FRONT SCAN 
SIGNRL RMP 
Figure 30. C-scan of C!E laminate impact damage. Position of gate is at 
window 5 
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Figure 31. Location of time gate in waveform for window 6 C-scan. Focus 
is at 0.6t 
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Figure 32. C-scan of C/E laminate impact damage. Position of gate is at 
window6 
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FMC A5 GATED WAVEFORM • SCAN FROM FRONT SURFACE 
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Figure 33. Location of time gate in waveform for window 7 C-scan. Focus 
is at 0.7t 
FMC C/E RS WINDOW 7 FRONT SCAN 
SIGNRL RMP 
Figure 34. C-scan of C/E laminate impact damage. Position of gate is at 
window 7 
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Figure 35. Location of time gate in waveform for window 8 C-scan. Focus 
is at 0.8t 
FMC C/ E AS WINDOW 8 FRONT SCAN 
SIGNRL RMP 
Figure 36. C-scan of C/E laminate impact damage. Position of gate is at 
windowS 
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Figure 37. Trapezoidal model of delamination size distribution through a 
laminate thickness 
COMPARISON OF TOTAL DELAMINATION AREA 
ULTRASONIC C-SCAN VS. DIRECT MEASUREMENT 
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Figure 38. Comparison of visual and C-scan damage area estimation for 
woven G/E laminates 
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Figure 39. Results of the destructive thermal deply technique as applied to 
a woven G!E laminate. Here the notation lB represents the 
back side from the impact surface of the first ply interface; 2F is 
the front side of the second ply interface, etc. Delamination 
growth through the laminate thickness is evident 
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Figure 40. Photomicrograph taken at ll.SX magnification showing the 
matrix cracking on the back surface of an impacted G/E coupon 
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Figure 41. Photomicrograph of FMC G(E coupon #13L-B. The photo 
shows the delaminated area, the low damage central spot and 
the entire region of microcracking. The delamination shown is 
approximately 2.8 inches in diameter 
• 
• 
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Figure .42. Double through-transmission pulse-echo line scan of an 
impacted 16 ply G!E coupon demonstrating penetration of 
ultrasound through a delamination zone and its low damage 
central spot 
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TOTAL DELAMINATION AREA VS. ENERGY LOST BY IMPACTOR 
FMC GLASS/EPOXY 
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Figure 43. Relation of total damage area vs. damage energy for impacted 
G/Ecoupons 
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FMC BIE IMPACTED LAMINATES 
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Figure 44. Comparison of total damage area vs. impact energy for impacted 
G/E coupons. Note the effect of boundary condition size 
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Figure 45. Comparison of coefficient of restitution vs. impact energy for 
G/E coupons. Note the effect of boundary condition size 
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Figure 46. Comparison of total damage area vs. coefficient of restitution for 
G/E coupons. A high coefficient o(restitution correlates with a 
low total impact damage area 
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IMPACT OF LTV. PTP LAMINATES 
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Figure 4 7. Comparison of total damage area vs. damage energy for LTV 
C/E and PTP C/PPS laminates. Note that there is little 
difference between the two systems 
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FMC GJE & LTV C/E IMPACTED LAMINATES 
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Figure 48. Comparison of total damage area vs. coefficient of restitution for 
LTV C/E (circle) and FMC G!E (squares) laminates. The C/E 
laminates are more stiff and less ductile 
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IMPACT OF FMC, PTP LAMINATES 
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Figure 49. Comparison of total damage area vs. coefficient of restitution for 
identical C/E and C/PPS laminates 
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IMPACT OF FMC. PTP LAMINATES 
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Figure 50. Comparison of total damage area vs. damage energy for 
identical C/E and C/PPS laminates 
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Figure 51. Photomicrograph demonstrating kissing disband. The localized 
contacts contribute to the partial transmission of the ultrasonic 
signal 
... 
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Figure 52. Through-transmission line scan of an impacted G/E laminate 
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Figure 53. Shadowing effect of delaminations. A) Focussed beam C-scan 
from impact side; B) Focussed beam C-scan from back side 
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Figure 54. C-scan of impact damaged C/PPS laminate taken 0. 75t from the 
impact surface 
Figure 55. C-scan of impact damaged C/PPS laminate taken 0.25t from the 
back surface. This is another demonstration of partial 
transmission 
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Figure 56. Test setup used to demonstrate partial transmission through G/E 
delamination regions 
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FMC G/ E 14R-8 PRRTIRL TRANSMISSION 
SIGNRL AMP 
Figure 57. C-scan of impact-damaged G/E laminate. The ultrasonic beam 
was focussed on the block surface. Note the edge distortion 
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Figure 58. Expected c-scan showing edge of block. Within the hemicircle 
the ultrasonic signal should drop gradually from the 
circumference to the center of the damage 
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UNE SCAN OF A O.r WAU. THICKNESS 
AT DIFFERENT RECEIVER GAINS 
USING 11r DIA. 5 MHz f-4• TRANSDUCER 
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Figure 59. Line scan of a 0.1 inch wall thickness at different amplifier gains 
using a 0.5 inch diameter S MHz transducer with a 4 inch focal 
length 
90 
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Figure 60. Line scan through an undamaged G!E laminate of a 0.1 inch wall 
thickness at different amplifier gains using a 0.5 inch diameter 5 
MHz transducer with a 4 inch focal length 
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Table 1. Comparison of visual and C-scan delamination diameter and area estimations 
for woven G/E laminates. A dash (-) in the column indicates that the quantity 
was too small to estimate 
Delamination <1>, em 
total damage, cm2 c-scan visual 
ID #ply top bottom top bottom c-scan visual 
lOL-A 24 1.27 2.54 1.0 2.3 68.20 51.95 
lOL-B 24 1.52 2.67 1.2 2.5 81.46 64.60 
lOR-A 24 1.52 3.18 1.5 2.9 104.28 90.65 
10R-B 24 2.03 3.18 1.8 3.4 124.76 126.32 
12L-A 16 1.14 2.67 1.1 2.0 45.38 29.21 
12L-B 16 1.52 2.67 1.6 2.6 53.19 53.08 
12R-A 16 0.89 1.90 1.0 1.6 24.07 20.31 
12R-B 16 1.27 2.54 1.3 2.1 44.56 34.77 
13L-A 16 - - - 0.45 - 0.82 
13L-B 16 0.64 1.27 0.6 1.2 11.19 9.95 
13R-A 16 - 0.76 - 0.4 2.35 0.65 
13R-B 16 0.51 0.89 - 0.45 5.93 0.82 
14L-A 16 0.89 1.91 0.95 1.7 24.26 21.31 
14L-B 16 1.40 2.54 1.4 2.3 47.18 41.23 
14R-A 16 0.89 1.65 0.85 1.5 19.65 16.74 
14R-B 16 1.2 1.9 28.85 
•''Ill 
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Table 2. Comparison of trapezoid and deply methods of estimating total damage area 
IMPACf DAMAGE TOTAL 
ENERGY ENERGY DELAMINATI~N DELAMINATION 
AREA, AT, in AREA 
PANEL Ej, llE, RATIO 
ID JOULES JOULES ESTIMATE DEPLY 
12R-B 5.61 1.97 5.39 4.71 1.14 
14L-B 9.72 3.66 6.39 5.35 1.19 
PANEL 57.7% 53.8% 84.4% 88.0% 95.8% 
RATIO 
Table 3. FMC G/E impact data. Here Ab represents the area of the maximum delamination located at the back surface 
of the laminate, and AT represents the total delamination area estimation as provided by the trapezoid model 
IMPACf DAMAGE COEFFICIENT OF 
DAMAGE AREA ENERGY ENERGY RESTITUTION 
'PANELID Ab, in2 AT, in2 Ej,JOULES ~E,JOULES R,% 
lOL-A 0.64 8.05 7.03 3.18 54.68 
lOR-A 1.02 14.05 16.61 8.93 46.25 
12L-A 0.49 4.53 10.45 2.84 72.85 
12R-A 0.31 3.15 5.64 1.31 76.69 
13L-A 0.02 0.17 3.00 0.35 88.20 
13R-A 0.01 0.12 1.50 0.22 85.39 
14L-A 0.35 3.30 9.76 2.42 75.18 
14R-A 0.27 2.59 7.47 1.94 74.07 
10L-8 0.76 10.01 7.09 3.53 50.24 
10R-8 1.41 19.58 16.61 9.83 40.83 
12L-B 0.82 8.23 10.49 3.74 64.36 
12R-B· 0.54 5.39 5.61 1.97 64.82 
13L-B 0.15 1.36 3.00 1.13 62.25 
13R-B 0.03 0.24 1.49 0.26 82.49 
14L-B 0.64 6.39 9.72 3.66 62.28 
14R-B 0.44 4.47 7.41 2.56 65.42 
... 
Table 4. LTV C!E impact data 
DAMAGE AREA IMPACf ENERGY DAMAGE ENERGY RESTITUTION 
PANELID Ab, in2 AT, in2 Ej,JOULES ~E,JOULES R 
LTV At 
- -
1.96 0.32 83.75 
LTVA2 
-
. 4.02 0.50 83.23 
LTVA3 1.06 16.78 9.34 
- -
LTVA4 1.35 20.74 9.97 5.81 41.67 
LTV AS 1.81 28.73 15.00 9.62 35.65 
LTVA6 2.37 37.67 19.93 13.29 33.33 
LTVA7 212 33.69 29.90 23.05 22.92 
LTVA8 3.93 62.42 39.87 
- -
LTVA9 4.12 65.30 39.87 35.58 10.76 
LTV83 0.00 0.00 1.28 0.32 75.00 
LTVB4 0.00 0.00 2.55 0.54 78.81 
'f 
LTVB5 0.03 0.52 3.82 
- -
LTVB6 0.40 6.32 5.10 3.69 27.55 
LTV87 0.61 9.67 6.38 3.98 37.57 
LTV88 1.37 21.77 7.65 4.90 35.98 
LTVB9 1.41 22.42 5.10 3.46 32.19 
. LTVE1 1.96 31.05 7.51 4.73 37.04 
LTVE2 2.()6 32.61 9.98 5.91 40.77 
LTVE..1 2.38 37.43 12.49 7.30 41.50 
LTVE4 2.56 40.53 14.99 9.08 39.44 
LTVES 3.01 47.66 17.53 11.27 35.71 
LTVE6 3.61 57.19 19.96 12.80 '35.89 
1 
LTVE7 4.21 66.63 22.47 18.57 17.34 
LTVE8 2.34 35.46 12.52 7.30 41.67 
LTVE9 3.36 53.1R 17.53 10.71 38.89 
Table 5. FMC C/E impact data. The layup of these laminates, (45/0/-45/90]6s' is identical to that of the C/PPS 
thermoplastic laminates 
IMPACf DAMAGE COEFFICIENT OF 
DAMAGE AREA ENERGY ENERGY RESTITUTION 
PANELID Ab, in2 AT, in2 Ej,JOULES ~E,JOULES R,% 
FMCAl 0.00 0.00 4.97 1.46 70.63 
FMCA2 0.47 7.39 6.23 4.31 30.73 
FMCA3 0.43 9.71 7.48 4.73 36.74 
FMCA4 0.61 9.71 8.73 5.22 40.24 
FMC AS 1.59 25.12 10.05 5.98 40.48 
FMCA6 1.68 26.64 11.30 6.54 42.15 
FMCA7 1.02 16.21 12.56 7.10 43.49 
FMC AS 1.96 31.09 13.74 7.79 43.29 
FMCA9 1.14 18.08 14.92 8.70 41.72 
Table 6. PTP C/PPS impact data. The layup of these laminates, ( 45/0/-45/90]6s, is identical to that of the C!E FMC 
laminates 
IMPACf DAMAGE COEFFICIENT OF 
DAMAGE AREA ENERGY ENERGY RESTITUTION 
PANELID Ab, in2 AT, in2 Ej,JOULES ~E,JOULES R,% 
PTPAl 1.23 19.42 1.51 4.17 44.44 
PTPA2 1.50 23.70 10.02 5.50 45.14 
PTPA3 2.12 33.50 12.49 7.03 43.73 
PTPA4 2.91 46.15 14.99 8.49 43.39 
PTPA6 0.68 10.78 5.01 2.78 44.44 
PTPA7 0.88 14.08 6.26 3.48 44.44 
PTPA8 1.38 21.83 8.77 4.87 44.44 
PTPA9 1.95 30.91 10.16 5.29 47.95 
• 
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Table 7. Effect of laminate thickness on impact damage 
Thickness Impact Energy Normalized Total Damage Damage Energy 
Impact Energy Area 
t,cm Ej,J Ej/t, J/cm cm2 6E,J 
0.58 16.6 28.6 91.3 8.93 
0.36 10.5 29.1 27.3 2.84 
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7 CONCLUSIONS 
G/E, C/E, and C/PPS laminates, impacted at low energy levels, were ultrasonically 
evaluated to determine the extent of the impact damage through the thickness of the 
laminates. The problem of delamination shadowing effects was explored in great detail. 
Correlations were made between the total delamination area,. damage energy, boundary 
conditions, and the coefficient of restitution. A quantitative comparison was made of 
impact damage in the different material systems. 
A series of C-scans were made through the thickness of an impacted C/E laminate 
to provide information on how delamination size could be located to damage location. 
By varying the focal point of the transducer and moving the peak detector gate in time it 
was found that delaminations are quite small near the impact surface and grow 
approximately linearly in size through the thickness of the laminate. A trapezoid model 
was developed so that calculations of the total delamination area could be made. 
Knowledge of the total damage area can be related to expected residual strength of the 
composite laminate. The trapezoid model estimates were compared to physical deply 
results and were found to overestimate total delamination area by 14% to 19%. 
By using C-scans, through-transmission and pulse echo lines, it was demonstrated 
that the shadowing effects of delaminations do not have to impede the results of an 
ultrasonic evaluation of an impacted laminate. That is, small flaws can be detected 
behind large delaminations. By maximizing the gain and pulser energy and minimizing 
the damping, ultrasonic signals can be sent and received through delamination zones. 
This knowledge of partial transmission will enable a scientist or technician to more 
• 
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accurately evaluate impact damage. This more accurate description will affect the way 
evaluations of parts in service are performed and how remaining service life is 
estimated. 
Once impact parameters were determined and calculated, comparisons were 
made. Damage energy was found to vary approximately linearly with total delamination 
area. When evaluating the effect of boundary condition it was found that the larger 
boundary condition consistently had a lower total delamination area. This is because 
more of the impact energy is allowed to dissipate through the flexure mechanism during 
impact. Just as damage energy correlated linearly with total delamination area, so too 
did the coefficient of restitution variable. An advantage of using the coefficient of 
restitution is t~at this measurement can be made directly from video tape in a very short 
period of time; no computers or ultrasonic equipment is needed for a first 
approximation of total delamination area. Although good correlation was shown 
between damage energy and coefficient of restitution with total delamination area, no 
correlation could be made between impact energy and total delamination area. 
Initially it supposed that the ductile thermoplastic material system would show a 
much greater resistance to impact than that of a brittle epoxy system; that is, at 
equivalent impact energies it was expected that the total delamination area for the 
CIPPS system would be much less than that of the C/E systems. That was not found to 
be the case. When comparing total delamination area and damage energy there 
seemed to be little difference between the two systems to impact resistance. There was 
also no difference when comparing coefficient of restitution and total delamination 
area. It was interesting to note that the ductile G/E material system did in fact sustain 
less damage at equivalent energy levels, as was expected. A more ductile material 
100 
should return more of the impact energy to rebound energy, as was the case with the 
G/E system. It sho.uld be noted that G!E does not enjoy widespread use in the 
aerospace industry due to the weight penalties associated with it. 
.• 
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